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In one embodiment of the invention, a method for designing 
an integrated circuit is disclosed. The method includes auto 
matically partitioning clock sinks of an integrated circuit 
design into a plurality of partitions; automatically synthesiz 
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rality of partitions to minimize local clock skew within each 
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1. 

METHODS FOR DESIGNING INTERGRATED 
CIRCUITS WITH AUTOMATICALLY 

SYNTHESIZED CLOCK DISTRIBUTION 
NETWORKS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This non-provisional United States (U.S.) patent applica 
tion claims the benefit of and is a divisional of U.S. patent 
application Ser. No. 12/197,123 entitled AUTOMATICSYN 
THESIS OF CLOCK DISTRIBUTION NETWORKS filed 
on Aug. 22, 2008 by inventors Zlatanovicietal.., now allowed. 
U.S. patent application Ser. No. 12/197,123 claims the benefit 
of provisional U.S. Patent Application No. 60/957,452 filed 
on Aug. 22, 2007 by inventors, Zlatanovici et al., entitled 
AUTOMATIC CLOCK DISTRIBUTION NETWORK 
SYNTHESIS FOR APPLICATION SPECIFIC INTE 
GRATED CIRCUITS, which is incorporated herein by refer 
CCC. 

FIELD 

The embodiments of the invention relate generally to cir 
cuit synthesis. More particularly, the embodiments of the 
invention relate to clock tree synthesis for an integrated cir 
cuit. 

BACKGROUND 

In a synchronous integrated circuit (IC), a clock signal is 
routed from an internal clock generator or an external clock 
input signal to registers and other circuits in order to control 
the sequences and timing of control and data operations 
therein. Clocked storage devices, such as flip-flops, latches, 
registers and other clocked storage circuits, and their respec 
tive clock input may be referred to herein as a sink or clock 
sink. Ideally, a clock signal should arrive at all the sinks at 
exactly the same time. However in reality, the clock signal 
arrives at different times at different sinks such as from asym 
metries in clock drivers/buffers, the clock distribution net 
work, loading, process variations, and interconnect delays. 
The difference between the arrival times of the clock signal at 
different sinks is called clock skew. More particularly, clock 
skew is the phase shift in a single clock distribution network 
resulting from the different delays in the clock signal to 
different sinks. 

Unintentional clock skew is an undesirable effect in syn 
chronous circuits in which the clock signal arrives at the 
registers at times different from the desired times. During 
logic synthesis of an integrated circuit, clock skew is consid 
ered a parasitic effect and is thus included in the design 
margin. However with ever increasing clock frequencies and 
performance requirements in today's application specific 
integrated circuits, the design margin required to cover clock 
skews due to process variations and interconnect delays can 
become significant. 

Unintentional clock skew has become an expensive over 
head that can reduce design margins and may negatively 
impact an integrated circuits performance and robustness to 
process variations. If unintentional clock skew can be reduced 
during logic synthesis, a more optimized design of an inte 
grated circuit may be achieved. 

BRIEF SUMMARY 

The embodiments of the invention are best summarized by 
the claims that follow below. 
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2 
Briefly, in accordance with one or more embodiments of 

the invention, clock distribution networks for integrated cir 
cuits are automatically synthesized so as to minimize and 
control the clock skew at clock sinks within the integrated 
circuits. The clock distribution networks are synthesized with 
distributed, dynamic de-skew circuits to minimize and con 
trol the clock skew at the clock sinks. Arrival times of clock 
signals in adjacent partitions of the circuit are compared using 
phase detectors. The de-skew circuit within each partition 
receives the results of the phase detectors at the boundaries of 
the neighboring partitions. A control algorithm designed into 
the clock de-skew circuit adjusts a variable delay buffer such 
that the clock skew between neighboring partitions is mini 
mized. 

BRIEF DESCRIPTIONS OF THE DRAWINGS 

FIG. 1A illustrates placement of a clock generator or clock 
Source and functional blocks (FB) in an integrated circuit. 

FIG. 1B illustrates global routing of a clock tree from a 
clock source to the respective functional blocks by intercon 
nect wiring. 

FIG. 1C a simplified flat partitioning of the clock distribu 
tion network is illustrated using a map-style representation 
without any overlapping partitions. 

FIG. 2 illustrates a block diagram of an exemplary clock 
distribution network for a pair of neighboring partitions. 

FIGS. 3A-3C are waveform diagrams of two local clocks 
for comparison by a phase detector to determine clock skew. 

FIG. 4A illustrates a block diagram of an exemplary phase 
detector. 

FIG. 4B illustrates schematic diagram of an exemplary 
embodiment of a mutual exclusion (mutex) element for the 
phase detector of FIG. 4A. 

FIG. 5 illustrates a schematic block diagram of an exem 
plary deskew control circuit. 

FIG. 6A illustrates an exemplary partition of clock sinks on 
an integrated circuit into partitions and corresponding parti 
tion boundaries. 

FIG. 6B illustrates an exemplary partition graph to show 
neighboring relationships between partitions of an exemplary 
partitioning of clock sinks. 

FIG. 7 illustrates an exemplary partition graph with a criti 
cal data path. 

FIG. 8 illustrates a block diagram of a clock distribution 
network synthesis tool. 

FIG. 9 illustrates a flow chart of a method of designing an 
integrated circuit. 

FIG. 10 illustrates a flow chart of a method of synthesizing 
a clock distribution network of an integrated circuit. 

FIG. 11 is a diagram illustrating hierarchical clock parti 
tioning for the synthesis of the clock distribution network 
with dynamic clock de-skewing circuit synthesis. 

FIG. 12 is a block diagram of an integrated circuit with an 
exemplary two level hierarchical clock partition for one clock 
SOUC. 

FIG. 13 is a schematic diagram of a slice of a clock distri 
bution network. 

FIG. 14A is a schematic diagram of an exemplary circuit 
upon which to perform a timing analysis. 

FIG. 14B is a timing graph 1401 of the exemplary circuit 
illustrated in FIG. 14A. 

FIG.15 is an exemplary method of automatically partition 
ing clock sinks in an integrated circuit. 

FIG. 16 is an exemplary method of automatically deter 
mining neighboring partitions within an integrated circuit. 
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FIG. 17 is a block diagram of an exemplary computer 
system. 

DETAILED DESCRIPTION 

In the following detailed description of the embodiments of 
the invention, numerous specific details are set forth in order 
to provide a thorough understanding of the embodiments of 
the invention. However, it will be obvious to one skilled in the 
art that the embodiments of the invention may be practiced 
without these specific details. In other instances well known 
methods, procedures, components, and circuits have not been 
described in detailso as not to unnecessarily obscure aspects 
of the embodiments of the invention. 
The embodiments of the invention include a method, appa 

ratus and system for the automatic synthesis of the clock 
distribution network for application specific integrated cir 
cuits (ASICs) to minimize and control clock skew at sinks 
therein. 

The embodiments of the invention provide a methodology 
for automated synthesis of clock distribution networks with 
low skew at the sinks by using distributed, dynamic de-skew 
circuits. A de-skew circuit is a circuit that uses feedback to 
align the arrival times of two or more signals. 

Clock sinks (e.g., registers of circuits) are partitioned into 
local clock domains (also referred to as “clock partitions') 
based on the circuit's connectivity, timing and placement in 
embodiments of the invention. For each partition, a clock 
distribution network is synthesized using a clock tree synthe 
sis tool such that it has a common root. The roots of the 
intra-partition clock networks are driven by variable delay 
buffers of clock de-skew circuits. A top-level clock tree dis 
tributes the clock signal from the clock source to the variable 
delay buffers of clock de-skew circuits. Arrival times of clock 
signals in adjacent partitions are compared using phase detec 
tors. Within each partition, the de-skew circuit receives the 
results of the phase detectors at the boundaries with all neigh 
boring partitions. A control algorithm designed into the clock 
de-skew circuit adjusts the variable delay buffer such that the 
clock skew between neighboring partitions is minimized. The 
control algorithm converges to a stable solution if its param 
eters meet a set of specific requirements. 

In one embodiment of the invention, clock de-skew circuits 
are automatically synthesized with the clock tree in an ASIC 
by computer aided design software. In another embodiment 
of the invention, the clock de-skewing technology is applied 
to circuits with dynamic Voltage and frequency scaling 
(DVFS). 

Referring now to FIG. 1A, placement of a clock generator 
or clock source 102 and functional blocks (FB) 104A-104I in 
an integrated circuit 100 is illustrated. The interconnect wire 
108 of the data paths and control paths has been globally 
routed between the functional blocks. The clock distribution 
network from the clock source 102 has yet to be synthesized 
and placed and routed. 

Within the functional blocks, all the registers in the circuit 
are placed at this point in the design flow. A timing analysis 
has been performed and the timing slack at the inputs to the 
registers and other clocked logic is available as is other timing 
information. 
A clock distribution network is synthesized that distributes 

the clock signals to all the registers in the circuit (whose 
positions and timing data are already known) to minimize 
skew. 

In order to accomplish this, the registers of the circuit are 
partitioned based on their location, timing and connectivity 
information into clock partitions that may differ from parti 
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4 
tions used in logic synthesis, placement and routing. Clock 
partitions may or may not overlap each another. The area on 
the chip defined by the convex hull (a “boundary”) of the 
clock ports of all registers and other clock sinks is a clock 
partition. Two clock partitions are said to be “neighbors” if 
they have any common points or are separated by a distance 
below a threshold d, which is a design parameter for the 
method. 

Referring momentarily to FIG. 1C, exemplary clock parti 
tions 120A-120H have been formed in the chip 100. 

After forming the clock partitions, the clock tree may be 
globally routed from a clock source 102 to the respective 
functional blocks 104A-104I by interconnect wiring 110 as 
illustrated in FIG. 1B. 

Referring now to FIG. 1C, a simplified flat partitioning of 
the clock distribution network (referred to as clock partition 
ing) is illustrated using a map-style representation without 
any overlapping partitions. Within each partition, a clock 
distribution network is synthesized such as illustrated by 
wiring 112 illustrated in partition 102Hillustrated in FIG.1C. 
The wiring 112 within each partition may be a combination of 
tree wiring 112T and mesh wiring 112M. 
The partitioning of the clock distribution network is done 

such that the maximum skew within the partition is bounded 
to a maximum skew design parameter 1. The value of 1 sets a 
maximum limit on the area and the number of registers of 
each clock partition. A de-skew circuit 114 (e.g., a buffer with 
adjustable delay and a de-skew controller) is instantiated at 
the root of the clock network within each partition 120A 
120H. Phase detectors 116 are placed at the boundaries of 
neighboring partitions to compare the local clocks from each 
of the respective networks. Partition 120D has phase detec 
tors 116A, 116B, 116Cat its boundaries with partitions 120E, 
120H. 120C, respectively. The results of the comparisons 
performed by the phase detectors 116 are coupled to the 
de-skew circuit 114 of the respective compared partitions. For 
example, phase detector 116A at the boundary between par 
titions 120D and 120E compares the local clock for each 
partition and couples the result to the de-skew circuit 114 in 
each partition. 

Referring now to FIG. 13, a schematic diagram of a slice of 
a clock distribution network 1300 is illustrated. The clock 
distribution network 1300 begins at the clock root 1301, also 
referred to herein as the clock (CLK) source. The clock dis 
tribution network 1300 includes global clock routing 1305 
and local clock routing 1315 within each partition. 

Global clock routing 1305 is the interconnect wiring from 
the clock root 1301 to each local root 1302 to each deskew 
circuit 114A-114B in each respective partition 202A-202B. 
There may be clockbuffers (not shown in FIG. 13, see buffers 
B0-B2 in FIG. 2) inserted into the global clock routing 1305 
between the clock root 1301 and the local root 1302 to com 
pensate for impedance loading, Such as from wire resistance 
and capacitance loading from gates receiving the clock and 
the wire routing. 
The local clock routing 1315 is the clock routing of inter 

connect wires within each partition from the local root 1302 
to the clock sinks (e.g., the clockinput to register 1322). Thus, 
the local clock routing may also be referred to as intra-parti 
tion routing. The local clock routing 1315 may include a 
combination of tree wiring 112T and mesh wiring 112M 
within each partition as illustrated by the wiring 112 in FIG. 
1C. 
The clock distribution network 1300, including the global 

clock routing 1305, the local clock routing 1315 in each 
partition, the deskew circuits and the phase detectors 116, is 
synthesized so that local or intra-partition clock skew of the 
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local clock routing 1315 within the boundaries of each parti 
tion is less than a maximum local skew design parameter 1 
selected by an integrated circuit design engineer and the clock 
skew between neighboring partitions is less thanaguard band 
design parameterg. The maximum local skew design param 
eterland the guard band design parametergare selected by an 
integrated circuit design engineer. The step size s of the 
deskew circuit may also be selected by an integrated circuit 
design engineer with the deskew circuit being synthesized to 
achieve the selected step size. Alternatively, the deskew cir 
cuit may be synthesized so that there are a range of values 
over which the Sum of the step sizes and maximum local skew 
is less than the guard band g. Static timing analysis or statis 
tical static timing analysis may be used to Verify that the 
inequality of Equation 1 below is met at the process corners. 

Referring now to FIG. 2, a block diagram of a portion of an 
exemplary clock distribution network 200 is illustrated. 
Clock partitions 202A and 202B are illustrated with deskew 
circuitry and one clock sink (e.g., registers 204A-204B) each. 

While a clock source may be initially buffered by the same 
clock buffer B0, different clock buffers B1, B2 and different 
impedance loads Z1.Z2 in the global clock routing may cause 
inter-partition clock skew when comparing the local clock 
signal CK1 and CK2 of the partitions 202A,202B. The local 
clock routing of the local clock signals CK1 and CK2 may 
also introduce inter-partition clock skew and intra-partition 
clock skew. The de-skew control circuits 114A,114B in the 
local clock network of each partition 202A,202B in the clock 
distribution network 200 may dynamically control inter-par 
tition clock skew. The intra-partition clock skew is controlled 
by the partitioning of the clock partitions and the timing 
driven placement and routing of clock sinks. 

Gating logic GL1220A and GL2220B, if any, may be used 
to gate the clock signal to respective registers R1204A and/or 
R2 204B. Otherwise, the local clock signals CK1.CK2 are 
coupled into the clock input of the registers 204A,204B, 
respectively. The gating logic GL1220A and GL2 220B is 
synthesized into the clock distribution network after the de 
skew circuits 114A,114B near the respective registers 240A, 
204B whose clock they are to gate. Gating logic control 
signals GLC1.GLC2 are coupled to the gating logic GL1 
220A and GL2 220B to control the gating of the clock. The 
gating logic control signals GLC1.GLC2 may be coupled to 
the phase detector 116 to enable and disable the phase detec 
tor if the gated clocks GCK1.GCK2 are coupled into the 
phase detector. For example, if the gated clock GCK1 is 
coupled to the phase detector 116 instead of the ungated clock 
CK1 (as indicated by a dashed line in FIG. 2), the gating logic 
control signal GLC1 is coupled to the phase detector 116 (as 
indicated by a dashed line in FIG. 2). However if the ungated 
clock signal CK1 is coupled as the clock input into the phase 
detector 116 (indicated by the dotted line in FIG. 2), then the 
corresponding gating logic control signal (e.g., GLC1 indi 
cated by the dashed line) is not needed to be coupled into the 
phase detector 116 to enable and disable it. 
The phase detector 116 on or near the boundary between 

partitions 202A-202B receives the local clock signals CK1 
and CK2 (or their gated equivalent versions) to make phase 
comparisons between each. FIG. 4A illustrates a block dia 
gram of an exemplary phase detector 116. 
The phase detector 116 at the boundary between partitions 

202A-202B compares the two clock signals CK1 and CK2 
sampled from the local clock network in each partition. The 
comparison is done using a guard band design parameterg. 
FIGS. 3A-3C illustrate the definition of the guard band design 
parameterg. 
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6 
In FIG. 3A, when comparing the two clock signals CK1 

and CK2, CK2 is considered to arrive “early if it arrives 
before CK1 by more than the value of the guard band design 
parameterg. In FIG.3B, CK2 is considered to arrive “late” if 
it arrives after CK1 by more the value of the guard band 
design parameterg. In FIG.3C, if the difference of the arrival 
times of the two clocks is less than the value of the guard band 
design parameterg, then the skew between the two clocks is 
considered acceptable. 
The deskew control circuits 114A, 114B both receive the 

phase detector signal PDO1 from the phase detector 116 as 
illustrated. Each of the deskew control circuit 114A,114B 
may receive one or more phase detector signals PDO1-PDON 
to control the clock skew within their respective partitions. 
FIG. 5 illustrates a schematic block diagram of an exemplary 
deskew control circuit 114. 

Generally, a de-skew control circuit 114 includes a variable 
delay buffer with an adjustable delay and control logic to 
adjust the delay. The delay of the variable delay buffer is 
adjustable in equal steps of a step size design parameters. The 
control algorithm adjusts the delay of the variable delay 
bufferin response to signals from one or more phase detectors 
coupled to the respective partition. 

Synthesis of De-Skewing Circuitry 

A clock tree or clock wiring network of the clock distribu 
tion network is synthesized to distribute a clock from the 
global clock root or source to the de-skew controllers within 
each partition. The constraints of the clock tree of the clock 
distribution network may be relaxed because any asymmetry 
and skew introduced by it will be compensated by the de 
skewing circuitry. The skew of the clock distribution network 
synthesized in this step determines the delay range of the 
buffers with adjustable delay within the de-skew controllers. 

Clock partitioning may be performed in a straight-forward 
mesh-like fashion with the clock distribution network inside 
each partition considered to be ideal. This is equivalent to 
setting the maximum local skew design parameter 1 to Zero. In 
a typical ASIC, it is substantially difficult to achieve an intra 
partition local skew that is negligible or zero. However if the 
local skew is finite and can be bounded, distributed control 
algorithms may be used in the de-skew circuitry to reduce and 
minimize the clock skew in each partition relative to its neigh 
boring partitions. Thus, clock partitioning may be performed 
using timing, placement and connectivity of circuits. 

It has been determined that if the three design parameters of 
maximum local skew 1, step size s, and guard band g satisfy 
the inequality of the Sum of the maximum local skew land 
step sizes is less than the guard band, stated in equation form 
aS 

i+S <g (Equation 1), 

then the partitions settle to a state in which all phase detectors 
read both clocks to be less than the guard band g apart in a 
finite number of steps, provided that the variable delay buffers 
with adjustable delay have a Sufficient delay range to accom 
modate Such a solution. The integrated circuit is partitioned 
and each deskew circuit is synthesized to meet this design 
criteria. Achieving this state provides an indication that the 
de-skewing process will converge and that the maximum 
skew between two neighboring partitions should be no more 
than the guard band g. 

Thus, the deskew circuitry is synthesized in each partition 
so that the Sum of the maximum local skew land step sizes is 
less than the guard band in accordance with Equation 1. That 
is, the design of the de-skewing circuitry depends on the 
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values of the three design parameters, maximum local skew 1. 
step size s, and guard band g. For example, assume that the 
desired guard band g for the clock skew between neighboring 
partitions is selected to be 100 picoseconds (ps), and the 
desired maximum local skew within a partition is selected to 
be 40 ps for an ASIC implemented in a general purpose 90 
nanometer (nm) CMOS process. In which case, the step size 
s of the deskew circuit may be designed to be 50 ps for 
example because the sum of 40 ps and 50 ps is less than 100 
ps. Note that the selected maximum local skew within a 
partition may affect how the clock partitioning is performed 
on an integrated circuit and how the clock wiring is to be 
routed within a partition. The de-skew circuits may be syn 
thesized using standard cells. If the timing of the de-skew 
circuitry is relaxed (e.g., greater than 10 ps), it may be Syn 
thesizable from scratch using ordinary NAND, NOR, 
INVERTER logic gates with a typical circuit synthesis tools. 
The synthesized de-skew circuitry consists of two types of 

functional blocks that are instantiated in the clock distribution 
network on an integrated circuit. These are phase detectors 
116 and de-skew controllers 114. The phase detectors 116 are 
placed between neighboring partitions and the de-skew con 
trollers 114 are placed inside each partition at the local root 
1302 of the clock root or clock Source 1301. The details of 
each of these functional blocks is now more fully discussed. 

Referring now to FIGS. 4A-4B, an exemplary implemen 
tation of a standard circuit cell for the phase detector 116 is 
illustrated. 
The two input clocks from neighboring partitions CK1 and 

CK2 are coupled respectively into inputs S (sample clock 
input) 401 and R (reference clock input) 402 of the phase 
detector 116 to determine which one of the two input clocks 
is leading the other. If CK1 is leading CK2 (alternatively CK2 
is lagging CK1), the phase detector signals that CK1 leads on 
its S leads Routput 403. If CK2 is leading CK1 (alterna 
tively CK1 is lagging CK2), the phase detector signals that 
CK2 leads on its R. leads S output 404. 
The phase detector 116 includes buffers 411A-411B, 

mutual exclusion elements 412A-412B, AND gate 414, 
buffer 416, D flip-flops 418A-418B, and an optional level 
shifter 420 coupled together as shown. 
The buffers 411A-411B equally delay the two input clocks 

CK1 and CK2 by the time value of the selected guard band g. 
The delayed CK1 is coupled into the L input of the mutual 
exclusion element (Mutex2) 412B. The delayed CK2 output 
from the buffer 411B is coupled into the Rinput of the mutual 
exclusion element (Mutex 1) 412A. The input clock CK1 is 
coupled into the L input of mutex 1412A for comparison with 
the delayed CK2. The input clock CK2 is coupled into the R 
input of mutex2 412B for comparison with the delayed CK1. 

FIG. 4B illustrates an exemplary embodiment of a mutual 
exclusion (mutex) element 412 for instantiation as the mutual 
exclusion elements 412A-412B. A mutual exclusion element 
may also be referred to as an arbiter. Other implementations 
of an arbiter may be used in a phase detector. 
The mutual exclusion element 412 has two inputs, a left L 

and right R, and two complementary outputs, L leads and R 
leads. The complementary outputs, L leads and R leads, indi 
cate which one of the two inputs leads the other (i.e. which 
one arrives first). The mutual exclusion elements 412A-412B 
may include a flip flop formed by cross coupled NAND gates 
450A-450B coupled to deglitch buffers formed by P-channel 
field effect transistors (PFETs) 451-452 and N-channel field 
effect transistors (NFETs) 453-454 coupled together as 
shown. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
The L leads output of mutex 412A is coupled into the data 

input D of the D-flip flop 418A. The R leads output of mutex 
412B is coupled into the data input D of the D-flip flop 418B. 
The D flip-flops 418A-418B store the result of which one 

of the two input clocks CK1.CK2 leads the other. The D 
flip-flops 418A-418B are clocked by a self-timed circuit 
formed by the AND gate 414 with inputs coupled to the two 
input clocks CK1.CK2 and its output coupled to the buffer 
416. The output of the buffer 416 is coupled to the clock 
inputs of the D flip-flops 418A-418B. The S leads R and 
R leads S outputs of the D flip-flops 418A-418B form one 
phase detector output (PDOi) that is coupled into the deskew 
controller circuit 114. 
The logic levels on the S leads RandR leads S outputs 

form the one phase detector output (PDOi) to convey the 
status of two input clocks shown in FIGS. 3A-3B. 

If S leads Routput 403 from the phase detector 116 evalu 
ates to logic Zero for example (R leads S output 404 evalu 
ates to logic one), it indicates that even when delayed by the 
guard band g the Rinput (CK2) 402 still arrives before S input 
(CK1) 401 as illustrated in FIG.3A. Thus, the Rinput (CK2) 
may be too early as illustrated or the Sinput (CK1) may be too 
late. 

If R leads S output 404 from the phase detector 116 evalu 
ates to logic Zero for example (S leads Routput 403 evalu 
ates to logic one), it indicates that that even when delayed by 
the guard band g the S input (CK1) 401 still arrives before R 
input (CK2) 402 as illustrated in FIG. 3B. Thus, the Rinput 
(CK2) may be too late as illustrated or the S input (CK1) may 
be too early. 

If both the S leads Routput 403 and the R leads Soutput 
404 from the phase detector 116 evaluate to logical one, it 
indicates that the difference between the S input (CK1) 401 
and the Rinput (CK2) is less than value of the guard band gas 
illustrated in FIG. 3C. In this case, the clock skew between 
CK1 and CK2 in neighboring partitions is less than the value 
of the guard-band g such that no further clock skew compen 
sation may be needed. 

Referring now to FIG. 5, an exemplary implementation of 
a circuit with standard cells for the de-skew control circuit 
114 is illustrated. The de-skew control circuit 114 includes a 
variable delay buffer 550 and dynamic de-skew control logic 
551 coupled together as illustrated. 
The de-skew control circuit 114 receives a clock input 

CKin 501 and one or more phase detector outputs PD01 
PDON each of which includes an R. leads S output 514A 
514N and an S leads Routput 513A-513N. The de-skew 
control circuit 114 generates a delay in the clock output 
CKout 502 from the clock input CKin equal to a multiple of 
the step size parameters. 
The variable delay buffer 550 is an adjustable delay ele 

ment that may be formed simply of a delay line of identical 
buffers 511A-511N coupled in series together in a chain as 
shown with each having a delay value of the step size design 
parameters. The input to each buffer 510A-510N and the 
output of buffer 510N, including each intermediate point of 
the delay line, may be coupled into the data inputs of a 
many-to-one multiplexer 512. If the input to the buffer 510A, 
CKin S01, is the selected signal to output from the multiplexer 
512 the delay in CKinshould be substantially minimized to 
the delay through the multiplexer 512. 
The select input of the multiplexer 512 is coupled to a delay 

select control signal 521 of the dynamic de-skew control logic 
551 for selecting the delay of the delay line of the buffers 
510A-510N in the clock input CKin to be output onto the 
clock output CKout 502. 
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The dynamic de-skew control logic 551 generates the delay 
select control signal 521 in response to the one or more phase 
detection output signals PDO1-PDON. The dynamic de-skew 
control logic 551 implements a distributed control algorithm 
to keep the clock skew between neighboring partitions within 
the guard band g. 

The dynamic de-skew control logic 551 includes a pair of 
multi-input NAND gates 515-516 coupled to a plurality of 
phase detection output signals PDO1-PDON, an exclusive 
OR (XOR) gate 517, an up/down counter with saturation 520, 
a clock divider 506, and a delay block 507 coupled together as 
shown. The up/down counter with saturation 520 may also be 
referred to herein as a reversible digital counter with satura 
tion. 

The outputs of all the phase detectors connected to a cur 
rent partition are gathered together using simple logic gates 
and then used to control the up/down counter with Saturation 
S2O. 
The multi-input NAND gate 515 is coupled to a plurality of 

R leads S output signals 514A-514N from a plurality of 
phase detectors associated with a respective partition. The 
multi-input NAND gate 516 is coupled to a plurality of 
S leads Routput signals 513 A-513N from the plurality of 
phase detectors associated with the respective partition. The 
phase detectors may be associated by their geographic rela 
tionship Such as being neighbors or by another means. The 
gates 515-517 generate an enable control signal EN coupled 
into the up/down counter 520 to enable it to count. The NAND 
gate 515 may generate an up/down count control signal 
coupled into the counter 520 to control the direction of the 
count, whether it is to count up or count down. 
The controller 114 evaluates the outputs of the phase detec 

tors 116 only every N clock cycles (e.g., N=8) to ensure that 
any change in the delay of the adjustable delay element propa 
gates all the way to the local clock network and the phase 
detectors before the next evaluation. The clock divider 506 
and the delay element 507 driving the clock input of the 
counter 520 accomplish this task. 
The up/down counter with saturation 520 counts until it 

reaches the Saturation points of a maximum value or a mini 
mum value. The maximum value is typically limited by the 
number of bits in the counter. The number of bits in the 
counter 520 is one consideration during the deskew circuit 
synthesis process. For example, if the counter is a four bit 
counter then the maximum value is typically a count of fif 
teen. The minimum value is typically a count of Zero. Once a 
saturation point is reached, the counter will not roll over. 
Instead it waits to count back within the range of count values 
between saturation points of the up/down counter. Thus, the 
count value of the counter 520 may not experience wide 
variations so that the step size in the delay of CKin is 
smoothly selected by the multiplexer 512. Moreover, the 
up/down counter with saturation 520 provides monontonicity 
in the delay of the clock and a more appropriate clock opera 
tion. 

The clock divider 506 may received the same clock input 
CKin coupled to the delay line or optionally may be con 
nected elsewhere within the partition to a similar but slightly 
different clock input CKin' 501'. The clock divider divides 
down the clock so that the phase detector outputs PD01 
PDON are evaluated every N clock cycles. Delay element 507 
assures that the proper control signals are available to the 
counter 520 before it is clocked. 
The up/down counter 520 generates the delay select control 

signals 521 coupled to the multiplexer 512 which select how 
much delay should be inserted into the clock output signal 
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10 
CKout from the clock input signal CKin to compensate for 
clock skew from neighboring clock signals. 

For example, consider that CKin in one deskew circuit is 
CK2 and that CK2 leads CK1 generating an R. leads Sout 
put signal (e.g. a logic Zero) with an S leads Routput signal 
(e.g., a logic one) indicating so. In this case, the NAND gate 
515 indicates to the counter 520 to count up to select a greater 
delay at the multiplexer 512 so as to delay CK2 by another 
steps to reduce the clock skew between CK2 and CK1. The 
output of NAND gate 515 may be a logic Zero if all the 
S leads Routput signals 513 A-513N are a logic one so that 
the XOR gate 517 generates the enable signal EN for the 
counter 520. If a different phase detector indicates that the 
S leads Routput by a logic Zero both the outputs of NAND 
gates 515-516 would be logic high so that the XOR gate 517 
would not generate the enable signal EN to allow the counter 
520 to count. However, in another deskew circuit with neigh 
boring partition local clock CK1 as CKin, the deskew circuit 
may compensate CK1 instead in order to eliminate the skew 
between CK1 and CK2. It may be the case that both of the 
deskew circuits in neighboring partitions compensate for the 
clock skew between CK1 and CK2. 

Note that if the number of neighbors of a partition 
increases, a very Small increase in the complexity of the 
control logic block 551 incurs. While the NAND gates 515 
516 coupled to the outputs of phase detectors have M inputs, 
where M is the number of neighbors, other components in the 
circuit are independent of the number of neighboring parti 
tions. Moreover, the timing constraints of the gates 515-517 
are very relaxed. Such that these gates can be implemented in 
the most economical way to save power and area. 

Neighboring Partitions for Phase Detector Placement 

In order to synthesize the distributed clock de-skewing 
circuitry, the registers of the circuit (i.e., the clock sinks) may 
be partitioned based on their location, connectivity and tim 
ing information as is described further herein. A partition 
graph may be generated to represent the neighboring relation 
ships between the partitions to determine placement of phase 
detectors. 

Referring to FIG. 6A an exemplary partition of clock sinks 
on an integrated circuit 600 into partitions 601-604 is illus 
trated. Each partition has a corresponding partition boundary 
indicated by dashed lines. The exemplary partition illustrates 
four clock partitions 601-604 for one clock source of the 
integrated circuit 600. Oftentimes an integrated circuit has a 
plurality of different clock Sources, such as a four phase clock 
having a phase one clock, a phase two clock, phase three 
clock, and a phase four clock, for example. Different parti 
tions and partition graphs may be generated for the different 
clock sources. A method of partitioning is described herein in 
a different section. 

In the partitioning of integrated circuit 600, the dots repre 
sent the physical placement of clock pins of the clock sinks 
(e.g., registers) in the integrated circuit layout. Similar shad 
ing of the dots indicates clock sinks (e.g., registers) that have 
been assigned to the same partition. Conversely, different 
shading of the dots signifies clock sinks (e.g., registers) that 
have been assigned to different partitions. Clock sinks 601A 
601H have been assigned to partition 601. Clock sinks 602A 
602H have been assigned to partition 602. Clock sinks 603A 
603G have been assigned to partition 603. Clock sinks 604A 
604G have been assigned to partition 604. 

For each partition, a corresponding “physical boundary 
corresponds to an area on the integrated circuit chip layout 
defined by the convex hull of the position of the clock sinks in 
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each partition. In FIG. 6A, the physical boundaries of each of 
the partitions 601-604 are shown with dashed lines. 

For the synthesis of deskew circuitry, neighboring parti 
tions may be defined for the purpose of placement of phase 
detectors on or near their physical boundaries and compari 
son of their local clocks in accordance with the following 
rules: 
Two partitions are neighbors if the corresponding physical 

boundaries of the partitions overlap. For example in FIG. 6, 
the physical boundaries of partitions 601 and 602 overlap on 
the integrated circuit 600 so that they are neighboring parti 
tions for the purpose of placement of a phase detector near 
their boundaries and comparison of their local clocks. The 
boundaries of partitions 601 and 604 overlap on the integrated 
circuit 600 so that they are also considered to be neighboring 
partitions. 
Two partitions are neighbors, even though their corre 

sponding physical boundaries do not overlap, if their physical 
boundaries are separated by a distance that is less than or 
equal to a neighboring distance design parameter d. Accord 
ingly, two partitions are not neighbors if their physical bound 
aries do not overlap and are separated by a distance that is 
greater than the neighboring distance design parameter d. 

For example, the physical boundaries of partitions 602, 
603, and 604 do not overlap on the integrated circuit layout 
600. However, a minimum separation distance 605 between 
partitions 602 and 603 is less than a neighboring distance 
design parameter d. Thus, partitions 602 and 603 would be 
considered to be neighboring partitions for the purpose of 
placement of a phase detector near their boundaries and com 
parison of their local clocks. A minimum separation distance 
606 between partitions 602 and 604 is greater than the neigh 
boring distance design parameter d. Thus, partitions 602 and 
604 would not be considered to be neighboring partitions and 
thus no phase detector may be placed near their boundaries 
and no comparison may be made of their local clocks based 
on physical location. However, timing and connectivity con 
siderations may consider partitions 602 and 604 to be con 
sidered invalid partitions with the clock sinks therein requir 
ing a re-partitioning into neighboring partitions. 

Referring now to FIG. 6B, an exemplary partition graph 
650 corresponding to the partitioning of the clock sinks in the 
integrated circuit 600 is illustrated to show neighboring rela 
tionships between partitions of an exemplary partitioning of 
clock sinks. In FIG. 6B, squares 601-604 represent the cor 
responding partitions of clock sinks shown in FIG. 6A. The 
edges 651-653 represent the neighboring partitions where 
phase detectors may be placed to minimize clock skew. 
As discussed previously, partitions 601 and 602 on the 

integrated circuit 600 are neighboring partitions that is indi 
cated by edge 652 in the partition graph 650. Partitions 602 
and 603 are neighboring partitions and is indicated by edge 
651 in the partition graph 650. Partitions 601 and 604 on the 
integrated circuit 600 are also considered to be neighboring 
partitions which is indicated by edge 653 on the partition 
graph 650. In contrast, partitions 602 and 604 are not neigh 
boring partitions. Thus, there is no edge between partitions 
602 and 604 in the partition graph 650. 

Each edge of the partition graph indicates that a phase 
detector is to be placed on or near the boundaries of the 
partitions at the ends of each edge. Additionally, each edge 
indicates a minimal skew clock path for placement of Source 
registers and destination registers for critical data paths to 
minimize clock skew. For example, consider a data path with 
a source register initially placed as a clock sink in clock 
partition 604 and a destination register initially placed as a 
clock sink in clock partition 603 even though the data path 
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12 
differs. The amount of accumulated skew may be determined 
from the partition graph 650. The accumulated clock skew 
path begins in partition 604, traverses edge 653, partition 601, 
edge 652, partition 602, edge 651, and finally partition 603 
along the partition graph 650. To minimize clock skew 
between the clocks at the respective source and destination 
registers of the data path, the partitioning may be re-evaluated 
with the Source register and destination register being placed 
in closer partitions with fewer partition boundaries to cross. 
For example, the source register may be re-placed on the 
integrated circuit so that it resides in clock partition 602, a 
neighboring partition of partition 603, so that the skew 
between clocks in each is less than the guard band design 
parameter g. Re-evaluating placements of Source and data 
registers may better avoid a race condition between the data, 
sent by the clock at the source register, and a skewed clock at 
the destination register if the data path is critical with minimal 
timing slack. 

Partitioning 

AS has been previously mentioned herein, the clock sinks 
(e.g., registers) of a circuit may be partitioned based on their 
location, connectivity and timing information in order to Syn 
thesize a distributed clock network with the distributed clock 
de-skewing circuitry. 

In order to be valid, the partitioning in a partition graph 
satisfies the following three requirements: 

1) A distance between clock sinks inside each partition is 
Such that a worst case skew of an intra-partition clock distri 
bution network is less than or equal to the maximum local 
skew design parameter 1. Timing driven placement and rout 
ing Software or clock tree synthesis Software may be used to 
generate Such an intra-partition clock distribution network 
and assure that the worst case clock slew to clock sinks within 
a partition is not greater than the maximum local skew design 
parameter 1. A user may also manually layout an intra-parti 
tion clock distribution network and use software to verify the 
worst case clock slew to clock sinks within a partition is not 
greater than the maximum local skew design parameter 1. 

This constraint effectively limits the size of each partition. 
In a first order model, the maximum clock skew between two 
points is proportional to the Manhattan distance between the 
two points. If the maximum local skew design parameter 1 
corresponds to a Manhattan distance of L, then the maximum 
size of a partition is a square rotated from the chip grid having 
a diagonal distance between corners equal to Land its sides at 
45 degrees angles from the chip grid points. 

2) The number of clock sinks in each partition is bounded 
to be less than or equal to a maximum clocks sink number 
design parameter C. If more clock sinks are instantiated in 
a partition over the maximum clocks sink design parameter 
C, more clock buffers are needed which increases the 
insertion delay in the clock tree path and results in increased 
clock skew. 

3) The timing slack in critical data paths with Source and 
destination registers in different partitions should be suffi 
cient to avoid setup time violations and race conditions 
between clock and data signals at the destination register. In 
one embodiment of the invention, the timing slack is greater 
than or equal to the Sum of the guard band g and maximum 
local skew parameter 1, multiplied by the number Nof differ 
ent partition boundaries crossed along a clock skew path 
between source and destination clock sinks in a partition 
graph, added to the value of the maximum local skew 1. This 
inequality can be represented in equation form as: 
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where g is the guard band, 1 is the maximum local or intra 
partition clock skew, and N is the number of different arcs (or 
edges in the partition graph) crossed over in the clock skew 
path between the source partition and the destination partition 
in the partition graph. The timing slack value can be deter 
mined by a static timing analysis using timing analysis soft 
ware. The timing slack requirement is to avoid setup time 
violations and race conditions between data signals crossing 
over different partitions boundaries and a local clock signal. 
With distributed de-skewing, the partitions effectively have a 
skew of no more than g between them at their boundaries. 
However when a data path has source and destination regis 
ters in partitions with a clock skew path crossing over mul 
tiple partition boundaries, clock skew can accumulate at a rate 
of 1+g per partition (g at the boundary and 1 inside the parti 
tion). 

This third constraint, regarding timing slack, reflects the 
influence of timing and connectivity on the partitioning of 
clock sinks. For instance, it may be preferable to place and 
partition the clock sinks in an integrated circuit so that the 
clock skew pathin the partition graph cross the fewest number 
of partition boundaries as possible for a plurality of the most 
critical data paths. 

Referring now to FIG. 7, a physical partition 700 is illus 
trated with a critical path 701 having two endpoints, a source 
point 702S and a destination point 702D, near their respective 
clock sinks (not shown). A critical path is a data path with a 
low level of slack timing. The physical partition 700 includes 
three neighboring partitions 711–713 each with a boundary 
illustrated by a dashed line. The partitions 711–713 may be 
elongated along a line 705 between the endpoints 702S,702D 
as shown with the longest dimension as close as possible to L 
(measured Manhattan distance). Recall that the maximum 
local skew design parameter 1 may correspond to the Man 
hattan distance L. 

In the partitioning 700, a clock skew path 705 from the 
source point 702S to the destination point 702D accumulates 
clock skew as follows: a first maximum local clock skew 1 
within partition 711, a guard band g of clock skew crossing 
from partition 711 to 712, a maximum local clock skew 1 
within partition 712, a guard band g of clock skew crossing 
from partition 712 to 713, and a maximum local clock skew 1 
within partition 713. Thus, the accumulated clock skew for 
the data path 701 is 31+2g. Note that the clock skew path 705 
crosses two different partition boundaries of partitions 712 
and 713, other than the boundary of partition 711 that 
includes the source point 702S. To use the equation, the 
number of partitions crossed over in the clock skew path 
between the source partition 711 and the destination partition 
713 in the exemplary partitioning 700 is three. However, in a 
corresponding partition graph (FIG. 6B shows an exemplary 
partitioning graph 650), there would be only two edges that 
are crossed so that the number of boundaries crossed N is only 
two. Hence, the timing slack in critical path 701 should be at 
least 1+2*(g+1)-31+2g for the critical data path 701 if the three 
partitions 711–713 are to be valid partitions. Otherwise, the 
source point and/or the destination point 702D with their 
respective clock sinks may need to be placed in the same or 
closer partition, such as in the same partition 711 So that its 
clock skew path has less skew to better match the available 
slack to provide a valid partitioning. 

Timing-driven placement of clock sinks in the partitions is 
beneficial to minimizing clock skew in synthesizing a clock 
distribution network. A bad placement can result in critical 
data paths having endpoints in different partitions with a 
clock skew path in a partition graph that traverses other par 
titions. With endpoints in partitions that are far apart in the 
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partition graph, clock skew can potentially accumulate as 
partition boundaries are crossed, ultimately reducing design 
margins and circuit performance. A good placement will take 
timing into account, placing the endpoints of critical paths as 
close to each other as possible in the partition graph. 
As mentioned previously, timing slack in a data path can be 

readily determined by timing analysis Software. In determin 
ing the minimum amount of timing slack in critical data paths 
to clock sinks, such as registers/flip-flops, setup (late) timing 
slack and hold (early) timing slack can differ and a timing 
analysis Software tool may compute some, all or just provide 
a slack with the worst case value-the least. 
The timing analysis tool computes the late arrival time for 

the rising signal a “(i) and the falling signala' (i) for the 
case that the delay arc is non-inverting according to the fol 
lowing formula: 

latery later: (R "(j)-maxielay aretar are(i)+derj} 

and 

Here d', is the delay of the delay arc from pini to pinj. In the 
case the delay arc is inverting (for example the delay arc of an 
inverter), the arrival times are computed as follows: 

latery later: R (R "(j)-maxielay aretar are(i)+df. j} 

and 

The timing analysis tool computes the early arrival time for 
the rising signal a' (i) and the falling signal a” (i) for 
the case that the delay arc is non-inverting according to the 
following formula: 

and 

and in the case of an inverting delay the arrival times are 
computed similarly. 

Setup (late) timing slack setup, for a rising input (logic 
one) may be determined by timing analysis Software using the 
following equation: 

c*(i)+setup- T4-slacksaearly() 
Setup (late) timing slack slack', for a falling input (logic 

Zero) may be determined by timing analysis Software using 
the following equation: 

a “(i)+setup-T+slacksa (j) 
In the foregoing two equations, the variables ar" (i) and 

a “(i) are the late arrival times of the rising and respectively 
falling data signal at the data input of a register. T is the clock 
period. The variables setup, and setup*, are the minimum 
setup time requirements for the register/flip-flop for rising 
and falling inputs respectively. The variable a' () is the 
early arrival times of a rising clock signal at the receiving 
register. 

Usually, setup timing slack is more critical than hold tim 
ing slack because hold timing violations can be easily 
resolved by adding data buffers (“hold buffers’) in the data 
path to provide additional delay and increase hold time at a 
register. However, one objective of synthesis is to conserve 
area by minimizing the number of hold buffers added. Thus, 
it is useful to consider the hold timing slack as a second 
criterion in the partitioning. 
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Hold (early) timing slack hold, for a rising input (logic 
one) may be determined using the following equation: 

aearly(i)+holdi-slackealate(i) 
Hold (early) timing slack hold, for a falling input (logic 

Zero) may be determined using the following equation: 

arl(i)+hold*+slack'ealate(i) 
In the foregoing two equations, the variables ar' (i) and 
a' (i) are the early arrival times of data at the source point 
of a data path. The variables hold, and hold*, are the 
minimum hold time requirements for the register/flip-flop for 
rising and falling inputs respectively. The variable ar" (j) is 
the late arrival times of the rising clock signal at the receiving 
register, the data input of a register/flip-flop, for rising and 
falling inputs respectively. 
The foregoing rules and the determination of slack values 

by a timing simulator for a plurality of critical paths may be 
used in partitioning the clock sinks of an integrated circuit 
into respective clock partitions, such as shown in FIG. 6A for 
example. 
A timing graph for the netlist of the integrated circuit may 

assist in determining timing slack and partitioning the clock 
sinks into the clock partitions. 

Referring now to FIG. 14A, a schematic diagram of an 
exemplary circuit 1400 is illustrated. The circuit includes flip 
flops FF1-FF4 and gates W-Z coupled together as shown. The 
timing delays in the circuit are indicated above the gates and 
flip-flops as well as above the interconnect wires. For use by 
a computer, it is preferable to have a timing graph annotated 
with timing delays. 

Referring now to FIG. 14B, a timing graph 1401 of the 
exemplary circuit 1400 is illustrated. The timing delays in the 
timing graph are indicated above the vertices for the gates and 
above the edges for the interconnect wires. The timing graph 
1401 may be used to compute the maximum arrival times at 
the input to the flip-flop FF4 in order to determine the slack 
that is available along the various data paths from FF1 to FF4. 
FF2 to FF4, and FF3 to FF4. With this timing and connectivity 
information, a determination may be made with regards to the 
placement of the flip-flops FF1 through FF4 in clock parti 
tions to minimize clock skew. A plurality of critical data paths 
are evaluated having minimal timing slack and thus may need 
to be placed in the same or neighboring partitions. Alterna 
tively, the timing graph may be evaluated so that clock sinks 
may be placed farther apart along a clock skew path as Suffi 
cient slack is available. Alternatively, clock sinks may be 
pruned along with edges in the partition graph to eliminate 
gates and thereby conserve area and power consumption. 

For example, it may be determined that the data path from 
FF1 to FF4 has a timing slack of 56 picoseconds (ps) and the 
data path from FF3 to FF4 is critical having a timing slack of 
only 10 ps. This may require that flip flops FF3 and FF4 be 
placed in the same partition while the placement of FF1 and 
FF4 are placed in neighboring partitions. In another example, 
it may be determined that the data path from FF1 to FF4 has 
a timing slack of 300 picoseconds (ps) and the data path from 
FF3 to FF4 is critical having a timing slack of only 10 ps. If 
flip flops FF1 and FF4 are initially in the same partition, they 
can be repartitioned into different partitions if the timing 
slack is sufficiently large while the placement of FF1 and FF4 
may be in the same partition. 

Useful Clock Skew and Post Optimization 

In addition to using circuits to de-skew clocks of uninten 
tional clock skew, useful clock skew may be intentionally 
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inserted, Such as to increase the setup slack at a destination 
register for example. Useful clock skew is intentional clock 
skew and is not a parasitic effect. The delay of the local clock 
in the local clock routing within a partition can be adjusted in 
order to improve the timing slack. 
A determination may be made if useful skew may be added 

into clock paths. Prior to partitioning the clock sinks into the 
clock partitions, clock latencies are computed with the goal 
that every combinational path with length greater than kIL 
(where k is an integer number) has a timing slack of at least 
1+k(g+l). After the partitioning step the clock latencies can be 
recomputed with the added useful skew such that the slack of 
every combinational path is at least 1+N (g+1), where N is the 
length of the shortest path between the source partition and 
destination partition in the partition graph. 

Useful skew may be introduced into a circuit in a couple of 
different ways to assist the setup time in a critical data path. 
Consider for example, the critical data path 1320 between 
source register 1321 and destination register 1322 illustrated 
in FIG. 13 for example. The intra-partition or local clock CK2 
of partition 202B may have useful skew added to it by adding 
a useful skew buffer 1350 of knowntiming delay between the 
output of the buffer 114A generating the local clock CK1 and 
the phase detector 116. This delays the CK1 input to the phase 
detector so that the deskew circuit 114B will compensate and 
introduce useful skew into the local clock CK2. Alternatively, 
a useful skew buffer 1351 of known timing delay may be 
coupled between the output of the buffer 114B generating the 
local clock CK2 and the clockinput of the destination register 
1322 to introduce useful skew. 
The clock partitioning of an integrated circuit may undergo 

post-optimization by re-evaluation of the initial partition 
graph. One or more of the edges in the partitioning graph may 
be removed so the partitions are no longer neighbors, pro 
vided that the timing constraints of data paths in an integrated 
circuit are met. An edge is removed if its removal will not 
increase clock skew. Each edge in the partitioning graph 
corresponds to a phase detector. While the deskew control 
circuit remains, eliminating an edge in the partitioning graph 
may eliminate at least one phase detector as the partitions are 
no longer neighbors. As the number of phase detectors is 
reduced, the amount of control logic in the de-skew circuit is 
also reduced. Thus, eliminating edges in the partition graph 
reduces the placement and routing of phase detectors of the 
deskew circuitry Such that chip die area and power are con 
served. 

Clock Distribution Network Synthesis Tool 

Referring now to FIG. 8, a block diagram of a clock distri 
bution network synthesis tool 800 is illustrated. The clock 
distribution network synthesis tool 800 receives a netlist of 
the integrated circuit, a technology library including standard 
cells for the deskew circuitry, a partial circuit layout with 
functional blocks placed and logically routed, and timing 
information from a timing analysis. 
The clock distribution network synthesis tool 800 includes 

a clock tree synthesizer 802, a clock network placer and 
router 804, and a clock deskew synthesizer 806 in communi 
cation with each other to generate an updated netlist including 
the logical instances of the clock network and an updated 
circuit layout including the layout of the clock network. The 
clock distribution network synthesis tool 800 may further 
include a user interface 803 in communication with the other 
functional blocks ofthereofso as to receive clock skew design 
parameters if they are not included in the technology library 
or other design file. 
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The clock distribution network synthesis tool 800 and its 
software modules including the clock tree synthesizer 802. 
the clock networkplacer and router 804, and the clock deskew 
synthesizer 806 are stored in a processor readable storage 
medium and executed by one or more processors to automati 
cally perform elements of the methods described herein. 

Methods of Synthesis of a Clock Distribution 
Network 

Referring now to FIG. 9, a flow chart of a method of 
designing an integrated circuit is illustrated. 

At block 902 in the design flow, a high level circuit descrip 
tion of the integrated circuit is initially received. 

At block 904 in the design flow, circuit logic is synthesized 
and mapped to a technology library. 

At block 906 in the design flow, the circuit logic of func 
tional blocks is placed into a preliminary layout design of the 
integrated circuit. 

At block 908 in the design flow, the interconnect wires 
between functional blocks in the layout design are globally 
routed. Detailed routing of the interconnect wires to the func 
tional logic within the functional blocks may also be per 
formed to improve the accuracy of the synthesis of the deskew 
circuitry, although it is not necessary. 

At block 910 in the design flow, the timing of the prelimi 
nary layout of the integrated circuit including the circuit logic 
is analyzed to determine timing information. 

At block 912 in the design flow, the clock distribution 
network for the integrated circuit is synthesized. The clock 
distribution network includes instantiation of the deskew cir 
cuitry for each clock partition of the integrated circuit. 

Referring now to FIG. 10, a flow chart of a method of 
synthesizing a clock distribution network of the integrated 
circuit is illustrated. 
At block 1002 of the design flow, the clock sinks in the 

integrated circuit are automatically partitioned by Software 
into a plurality of partitions for each clock network. A clock 
sinkis a flip flop or a register with a clockinput terminal. Each 
partition may be referred to as a clock partition herein. 

In one embodiment of the invention, the partitioning of 
clock sinks is in response to signal connectivity and signal 
timing along critical data paths. If there is sufficient slack 
along a critical data path greater than the guard band, a clock 
sink associated therewith may be partitioned into a neighbor 
ing partition. In another embodiment of the invention, the 
partitioning of clock sinks is in response to the physical 
placement of the clock sinks. In another embodiment of the 
invention, the automatic partitioning of clock sinks includes 
positioning partitions near each other to minimize a number 
of partitions over which a critical signal path crosses. In 
another embodiment of the invention, automatic partitioning 
of clock sinks is performed hierarchically including one level 
of the hierarchy of the clock partitions including boundaries 
of various voltage islands. FIGS. 15-16 illustrate an exem 
plary method of partitioning the clock sinks of an integrated 
circuit and are described below. 
At block 1004 of the design flow, an intra-partition clock 

network is synthesized within each of the partitions such that 
it has a single local root and the local clock skew within each 
partition is less than or equal to a value of a maximum local 
clock skew design parameter 1. For example, the value of the 
maximum local clock skew design parameter 1 may be fifty 
picoseconds. 

At block 1006 of the design flow, clock deskew circuitry is 
synthesized, placed, and routed to control clock skew in each 
of the plurality of partitions for each clock source. The clock 
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de-skew circuitry is coupled between the master clock gen 
erator and the clock sinks in each partition. One clock deskew 
control circuit is synthesized into each of the plurality of 
partitions at the root of the intra-partition clock network 
thereof. Phase detectors are synthesized and placed between 
the local clock signals of neighboring partitions. 

In one embodiment of the invention, the clock de-skew 
circuitry is synthesized into each of the plurality of partitions 
with a clock control step size s less than the sum of the 
maximum local clock skew land a guard band level g. 
At block 1008 of the design flow, a global clock network 

from the master clock source to the clock deskew circuitry is 
synthesized so that that clock skew of the global clock net 
work is within the delay adjusting range of the deskew cir 
cuitry. The global clock network couples to each deskew 
control circuit within each of the plurality of partitions. 
Note that the order of the blocks 1004, 1006, and 1008 may 

be altered in the design flow such that block 1006 is per 
formed with blocks 1004 and 1008 being combined and per 
formed thereafter to complete the clock network. In another 
embodiment of the invention, blocks 1004 and 1008 are com 
bined together and performed prior to performing the element 
of block 1006. 

Referring now to FIG. 15, an exemplary method of auto 
matically partitioning clock sinks 1002 is illustrated and now 
described. 
At block 1502, a predetermined number of clock sinks are 

selected in the integrated circuit within a predetermined dis 
tance of each other for each respective partition. The prede 
termined number of clock sinks is less than or equal to the 
maximum clocks sink number design parameter C. This 
limits the maximum number of clock sinks within a partition. 
The predetermined distance is proportional to the maximum 
local skew design parameter 1. In one embodiment of the 
invention, the maximum local skew design parameter 1 cor 
responds to a Manhattan distance. This predetermined dis 
tance between clock sinks is to maintain a clock skew of less 
than the maximum local skew design parameter 1 within each 
partition. 
At block 1504, clock partitions of the plurality of clock 

partitions are evaluated to determine neighboring partitions. 
This is to assist in the placement of phase detectors between 
neighboring partitions. FIG. 15 illustrates an exemplary 
method of determining the neighboring partitions within an 
integrated circuit and is described herein. 
At block 1506, a partition graph may be formed of the 

plurality of partitions. This indicates neighboring partitions 
by edges in the graph and facilitates evaluating clock skew for 
critical data paths to avoid race conditions. 
At block 1508, the integrated circuit is analyzed using a 

timing analysis tool and the timing slack for a plurality of 
critical data paths is determined. 
At block 1510, a determination is made as to whether or not 

the partitioning is valid. If the slack of a critical data path is 
insufficient, the clock skew between Source clock sink and 
destination clock sink should be decreased by re-partitioning. 
If so, the method goes back to block 1502 as indicated by the 
return path. If the partitioning is valid, the method can return 
to block 1004 of FIG. 10. 

Referring now to FIG. 16, an exemplary method of auto 
matically determining the neighboring partitions 1504 within 
an integrated circuit is illustrated and now described. 
At block 1602, the physical positions of pairs of clock 

partitions are analyzed. 
At block 1604, each pair of clock partitions is analyzed to 

determine if the boundary of the clock partitions overlap. If 
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not, the method goes to block 1606 for a further determina 
tion. If the boundaries of a pair of clock partitions overlap, the 
method goes to block 1610A. 

At block 1606, a determination is made if the boundary of 
pairs of clock partitions are within a predetermined distance 
between each. In one embodiment of the invention, the pre 
determined distance is a neighboring distance design param 
eter d. If the boundary of pairs of clock partitions are within 
the predetermined distance, the method goes to block 1610B. 
If not, the method goes to block 1608. 
At block 1608, a determination is made if there are any 

more pairs of partitions to analyze. If so, the method goes to 
block 1612. If not, the method goes to block 1699 and the 
method returns back to 1506 in FIG. 15. 
At blocks 1610A and 1610B, one pair of partitions are 

marked as being neighbors and connected by an edge in the 
partition graph. The method then goes to block 1612. 

At block 1612, a next pair of partitions is selected for 
analysis. The method then goes to block 1602 

Hierarchical Clock Partitioning 

While the previous discussion has assumed a flat or top 
level clock partitioning, a hierarchical clock partitioning may 
be used instead. 

Referring now to FIG. 11, a diagram illustrating hierarchi 
cal clock partitioning for the synthesis of the clock distribu 
tion network with dynamic clock de-skewing circuit synthe 
sis is illustrated. Below a top chip level, the sinks in the clock 
distribution network may be partitioned into multiple hierar 
chical levels. While FIG. 11 only illustrates three levels of 
portioning, it is understood that more or less partitioning 
levels may be used in a hierarchical fashion. 
As illustrated in FIG. 11, the sinks in the clock distribution 

network may be partitioned into a plurality of clock partitions 
CPL1A through CPL1L at a first level (level one). The sinks 
in each of the first level partitions (e.g., CPL1B) may be 
further partitioned into one or more clock partitions CPL2A 
through CPL2M at a second level (level two). The sinks in 
each of the second level partitions (e.g., CPL2A) may be 
further partitioned into one or more clock partitions CPL3A 
through CPL3N at a third level (level three). 

At each level of the hierarchical clock partition, the clock 
de-skewing algorithm is applied using the same design 
parameters or constraints for step size s, guard band g, and 
maximum skew 1, such as for the clock partitions CPL2A 
through CPL2M in level two. However different parameters 
or constraints for step size s, guard band g, and maximum 
skew 1 may be used at the different levels. For example, the 
algorithms for de-skewing the lower level partitions may use 
different values for the main design parameters (l, s, g) than 
the chip-level de-skewing algorithm. Typically the guard 
band g is more generous at higher levels of hierarchy so that 
the step size may be larger and the de-skewing circuit that is 
synthesized may differ at each level. As long as the condition 
of Equation 1 is met at each level, a hierarchical chip-wide 
de-skewing scheme should converge. 

Referring now to FIG. 12, a block diagram of an integrated 
circuit 1200 is illustrated with an exemplary two level hier 
archical clock partition for one clock Source. If multiphase 
clock signals or other clocks are routed through the integrated 
circuit a different hierarchical clock partition may be made 
for each different clock signal. 

In FIG. 12, the chip level 1200 includes four level one clock 
partitions 1201A-1201D. Each level one partition may have 
two or more level two clock partitions 1220A-1220H. The 
level one partition 1201B is exemplary of how the level one 
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partitions may be hierarchically partitioned into a plurality of 
level two clock partitions 1220A-1220H. 
A clock source 102 couples a clock signal to a level one 

deskew controller circuit 1214 in each of the four level one 
clock partitions 1201 A-1201D. Level one phase detectors 
1216 on the border of neighboring level one clock partitions 
compares a pair of local clocks in each of the neighboring 
level one clock partitions. The deskew controller circuit 1214 
and the phase detectors 1216 may be instantiations of the 
respective circuits 114 and 116 shown and described previ 
ously. 
The buffered clock signal generated by the level one 

deskew control circuit 1214 is distributed to level two deskew 
control circuits 1224 in each of the level two clock partitions 
1220A-1220H. Level two phase detectors 1226 on the 
boarder of neighboring level two clock partitions compares a 
pair of local clocks in each of the neighboring level two clock 
partitions. For example, phase detectors 1226A-1226C on the 
border of the level two clock partition 1220D with its neigh 
bors, respectively compare the local clock of the level two 
clock partition 1220D with the local clock within the level 
two clock partitions 1220E, 1220H, 1220C, respectively. The 
phase detection output signals are coupled into the level two 
deskew circuits 1224 to generate a local clock within each 
partition with less clock skew in comparison with the neigh 
boring local clock. The deskew controller circuit 1224 and the 
phase detectors 1226 may be instantiations of the respective 
circuits 114 and 116 shown and described previously. 

Dynamic Voltage and Frequency Scaling Circuits 

While the clock de-skewing circuitry is generally appli 
cable to de-skewing local clocks, it also may be synthesized in 
circuits using dynamic Voltage and frequency scaling 
(DVFS). 

In a circuit supporting DVFS, two blocks A and B may 
operate in many different combinations of power Supply Volt 
ages due to dynamic Voltage control. For example, the Voltage 
to the circuits in block B may be reduced to lower power 
consumption. If the clock skew is minimized by design for 
one particular Voltage combination using the traditional 
approach (for example the power supply for block A Vdd(A) 
may be equal to the power supply of block BVdd (B)), then 
the skew is not controlled in other voltage combinations. For 
example if Vdd(A) >Vdd (B), the buffers located inside the 
Voltage island corresponding to block A will have a smaller 
insertion delay, thus destroying the original skew arrange 
ment. In embodiments of the invention, the clocks are 
dynamically de-skewed as the Supply Voltages of the Voltage 
islands change. A Voltage island is group of circuits and/or 
functional blocks with similar power Supply characteristics 
that may differ from other power supply characteristics of 
other Voltage islands. Data communications across Voltage 
island boundaries should be reliable. 
The partitioning of the circuit for de-skewing purposes is 

performed hierarchically with the boundaries of the various 
voltage islands forming one level of the hierarchy. Hierarchi 
cal partitioning was discussed herein with reference to FIGS. 
11-12. 

Referring to FIG. 4A, the phase detector circuit 116 is 
slightly modified to support DVFS. The phase detector 116 
includes at least one level shifter or level-converter 420 to 
adapt the logic levels of the signals on the S input 401 from a 
first power supply voltage DVDD to a second power supply 
voltage SVDD. The second power supply voltage matches the 
voltage supplied to other circuits of the phase detector 116. 
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Referring to FIG. 5, the deskew control circuit 114 may 
also be slightly modified to support DVFS. The adjustable 
delay range of the chain of buffers 510A-510N is synthesized 
to compensate for delay variations caused by the dynamically 
controlled Supply Voltage. That is, the adjustable delay range 
of the delay line formed of the buffers 510A-510N may need 
to be increased to be able to compensate for additional skew 
caused by the dynamically controlled power Supply Voltage. 

Computer System 

Referring now to FIG. 17, a computing system 1700 is 
illustrated that may be used to perform some or all of the 
processes in accordance with a number of embodiments of 
the invention. In one embodiment of the invention, the com 
puting system 1700 includes a processor 1710, a memory 
1720, a removable media drive 1730, and a hard disk drive 
1740. In one embodiment, the processor 1710 executes 
instructions residing on a machine-readable medium, Such as 
the hard disk drive 1740, a removable medium 1701 (e.g., an 
optical medium (compact disk (CD), digital video disk 
(DVD), etc.), a magnetic medium (magnetic disk, a magnetic 
tape, etc.), or a combination of both. The instructions may be 
loaded from the machine-readable medium into the memory 
1720, which may include Random Access Memory (RAM), 
dynamic RAM (DRAM), etc. The processor 1710 may 
retrieve the instructions from the memory 1720 and execute 
the instructions to perform the operations described above. 

Note that any or all of the components and the associated 
hardware illustrated in FIG. 17 may be used in various 
embodiments of the system 1700. However, it should be 
appreciated that other configurations of the system 1700 may 
include more or less devices than those shown in FIG. 17. 
Some portions of the preceding detailed description have 

been presented in terms of algorithms and symbolic repre 
sentations of operations on data bits within a computer 
memory. These algorithmic descriptions and representations 
are the tools used by those skilled in the data processing arts 
to most effectively convey the substance of their work to 
others skilled in the art. An algorithm is here, and generally, 
conceived to be a self-consistent sequence of operations lead 
ing to a desired result. The operations are those requiring 
physical manipulations of physical quantities. Usually, 
though not necessarily, these quantities take the form of elec 
trical or magnetic signals capable of being stored, transferred, 
combined, compared, and otherwise manipulated. It has 
proven convenient at times, principally for reasons of com 
mon usage, to refer to these signals as bits, values, elements, 
symbols, characters, terms, numbers, or the like. 

It should be kept in mind, however, that all of these and 
similar terms are to be associated with the appropriate physi 
cal quantities and are merely convenient labels applied to 
these quantities. Unless specifically stated otherwise as 
apparent from the above discussion, it is appreciated that 
throughout the description, discussions utilizing terms such 
as “processing or “computing or “calculating or “deter 
mining or “displaying or the like, refer to the action and 
processes of a computer system, or similar electronic com 
puting device, that automatically manipulates and transforms 
data represented as physical (electronic) quantities within the 
computer system's registers and memories into other data 
similarly represented as physical quantities within the com 
puter system memories or registers or other Such information 
storage, transmission or display devices. 
The embodiments of the invention also relate to an appa 

ratus for performing the operations described herein. This 
apparatus may be specially constructed for the required pur 
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poses, or it may comprise a general-purpose computer selec 
tively activated or reconfigured by a computer program stored 
in the computer. Such a computer program may be stored in a 
computer readable storage medium, Such as, but is not limited 
to, any type of disk including floppy disks, optical disks, 
CD-ROMs, and magnetic-optical disks, read-only memories 
(ROMs), random access memories (RAMs), EPROMs, 
EEPROMs, magnetic or optical cards, or any type of media 
Suitable for storing electronic instructions, and each coupled 
to a computer system bus. 
The processes and displays presented herein are not inher 

ently related to any particular computer or other apparatus. 
Various general-purpose systems may be used with programs 
in accordance with the teachings herein, or it may prove 
convenient to construct a more specialized apparatus to per 
form the operations described. The required structure for a 
variety of these systems will appear from the description 
below. In addition, the embodiments of the invention are not 
described with reference to any particular programming lan 
guage. It will be appreciated that a variety of programming 
languages may be used to implement the teachings of the 
invention as described herein. 
A machine-readable medium includes any mechanism for 

storing or transmitting information in a form readable by a 
machine (e.g., a computer). For example, a machine-readable 
medium includes read only memory (“ROM); random 
access memory (RAM); magnetic disk storage media; opti 
cal storage media; flash memory devices; electrical, optical, 
acoustical or other form of propagated signals (e.g., carrier 
waves, infrared signals, digital signals, etc.); etc. 

Conclusion 

The embodiments of the invention provide a number of 
advantages as a result of using active circuits to compensate 
for clock skew during operation of ASICs. The active de 
skewing circuitry is robust and can tolerate process variations 
in its manufacture and variations in operating conditions. If 
the inequality of equation 1 is satisfied for process, Voltage, 
and temperature (PVT) corners, the network of distributed 
de-skew circuits can synchronize the skewed clock signals 
across the chip Such that no neighboring partitions have a 
clock skew more than the guard band g. As the operating 
conditions of the chip change (e.g. temperature gradients), the 
de-skew circuits can quickly resynchronize the clocks, main 
taining correct operation. 
The embodiments of the invention reduce the design effort 

involved in synthesizing a clock distribution network for 
ASICs. The classical approach attempts to synthesize the 
clock distribution across the whole chip at once, a difficult 
problem due to its sheer size. A “divide-and-conquer strat 
egy is used in synthesizing the clock distribution network to 
avoid the synthesizing the entire chip all at once. The intra 
partition or local clock distribution network inside each clock 
partition may performed using a classical synthesis approach. 
The synthesis inside a clock partition is performed on a 
Smaller scale making it a simpler problem to solve. The Syn 
thesis of the global network that distributes the clock from the 
global clock root to the de-skew controllers in each partition 
is also a simpler problem. The number of partitions is smaller 
than the number of clock sinks. The design constraints may be 
relaxed as clock skew can be compensated by the de-skew 
circuits. 

With de-centralized deskew control circuits in the embodi 
ments of the invention, the de-skewing circuitry (phase detec 
tors and controllers) are simpler and easier to design and 
synthesize. The embodiments of the invention utilize existing 
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clock signals at a local level to de-skew the clock signals 
across a chip and do not require the distribution of a reference 
signal or a second master clock signal. Moreover, the decen 
tralized deskew control circuits and the partition rules allow 
the clock de-skewing circuitry to be automatically synthe 
sized by Software across a chip so that it can be implemented 
in general ASICs. 
When implemented in software, the elements of the 

embodiments of the invention are essentially the code seg 
ments to perform the necessary tasks. The program or code 
segments can be stored in a processor readable medium or 
transmitted by a computer data signal embodied in a carrier 
wave over a transmission medium or communication link. 
The “processor readable medium may include any medium 
that can store or transfer information. Examples of the pro 
cessor readable medium include an electronic circuit, a semi 
conductor memory device, a read only memory (ROM), a 
flash memory, an erasable programmable read only memory 
(EPROM), a floppy diskette, a CD-ROM, an optical disk, a 
hard disk, a fiber optic medium, a radio frequency (RF) link, 
etc. The computer data signal may include any signal that can 
propagate over a transmission medium Such as electronic 
network channels, optical fibers, air, electromagnetic, RF 
links, etc. The code segments may be downloaded via com 
puter networks Such as the Internet, Intranet, etc. 

While certain exemplary embodiments have been 
described and shown in the accompanying drawings, it is to 
be understood that such embodiments are merely illustrative 
of and not restrictive on the broad invention, and that the 
embodiments of the invention not be limited to the specific 
constructions and arrangements shown and described, since 
various other modifications may occur to those ordinarily 
skilled in the art. Instead the embodiments of the invention 
should be construed according to the claims that follow below 

What is claimed is: 
1. A method for designing an integrated circuit, the method 

comprising: 
automatically synthesizing circuit logic mapped to a tech 

nology library in response to a high level description 
language; 

automatically placing the circuit logic of functional blocks 
into a preliminary layout of an integrated circuit; 
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24 
automatically routing global interconnect wires between 

the functional blocks in the preliminary layout of the 
integrated circuit; 

automatically analyzing the timing of the preliminary lay 
out of the integrated circuit; and 

automatically synthesizing a clock distribution network in 
the preliminary layout in response to the placing of the 
circuit logic, the routing of the global interconnect 
wires, and the analyzing of the timing: 

wherein automatically synthesizing the clock distribution 
network includes automatically synthesizing clock de 
skew circuitry including a plurality of de-skew control 
circuits, each having dynamic de-skew control logic; 

wherein one or more of the automatically synthesizing, 
placing, routing, and analyzing is performed with a pro 
CSSO. 

2. The method of claim 1, wherein 
the automatically synthesizing of the clock distribution 

network includes 
automatically synthesizing the clock de-skew circuitry 

into a plurality of clock partitions to control clock 
skew between neighboring partitions. 

3. The method of claim 2, wherein 
the automatically synthesizing of the clock distribution 

network further includes 
automatically synthesizing a global clock network from 

a master clock generator for each clock Source that is 
coupled to the clock de-skew circuitry within each of 
the plurality of clock partitions. 

4. The method of claim 2, wherein 
the clock de-skew circuitry further includes 

one or more phase detectors coupled between one or 
more neighboring partitions, 

wherein one of the plurality de-skew control circuits is 
within each partition and is coupled to the one or more 
phase detectors. 

5. The method of claim 4, wherein 
the clock de-skew circuitry further includes 

a level shifter to receive a first clock signal having first 
voltage levels different from second voltage levels of 
a second clock signal, the level shifter to shift the first 
Voltage levels towards second Voltage levels to com 
pare the first clock signal and the second clock signal. 
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